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X ABSTRACT

The stages of armor ceramic fracture and defeat mechanisms of the projectile have
been well documented for smali caliber rounds (.30 and .50 caliber ball and armor pierc-
ing). The recent ability to manufacture ceramic tiles capable of protecting vehicles
against large caliber munitions has shifted research to incorporating these materials into
ground systems. Though many studies are evaluating the relationship of processing,
microstructure, and mechanical properties with ballistic performance, few procgrams have
focused on the actual defeat mechanisms invoived for these heavy threats.

A program was initiated to evaluate the fracture of a ceramic target when impacted
by a tungsten long-rod penetrator (LRP). Following a conventional Vi test of a silicon
carbide whisker-reinforced aluminum oxide, one target was serial sectioned from the 1car.
Very fine comminuted ceramic was painstakingly removed from the exit point of the
LRP. Tungsten and steel particles were included in the ceramic powder.~ The steel was
present from thrce sources: front plate penetration, back plate splash, and subscquent
entry into the ta-get of the pusher plate. A distinct transition from very fine ceramic
rubble to large ceramic pieces with a boundary geometry identical to that of a fracture
conoid was apparent.
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All metallic material uncovered was removed for fractographic evaluation. The tung-
sten particles had comminuted ceramic embedded in it. This fractured ceramic would
have been subjected to the maximum stresses from the ballistic impact and would give
specific details as to the fracture mode of the ceramic directly in front of the projectile.
Scanning electron microscopy (SEM) showed that the defeat mechanisms ot the LRP
were ductile tearing and microerosion by the very fine comminuted ceramic. Both the
alumina grains and silicon carbide whiskers showed signs of mixed failure modes (trans-
granular and intergranular).
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INTRODUCTICN

Research efforts cvaluating the ballistic capabilities of ceramic matcrials have typically
focused on empirical methods of ranking performance versus a specific threat.!> More
recently, experimentalists have begun looking at processing, microstructure, and the resulting
mechanical properties, and how they relate to the ballistic performance.**® Only a few stud-
ies have concentratcd on the projectile-armor interactions and the resulting fracture.”!?

Previous fractographic examination of ballistic rubble!'? concentrated solely on random sam-
ples of the comminuted ceramic removed from the penetration area immediately following the
test event. While this revealed useful information regarding the fracturc mode and morphol-
ogy of the ceramic, it yielded no data on the ceramic-penctrator interactions. Recent efforts
have focused on carcful material removal of all metallic particulates remaining in the target
following a typical ballistic test.

EXPERIMENTAL PROCEDURE

As part of a conventional Vs, test scquence, an armor target was recovered and held for
carcful autopsy. The quarterscale ballistic test configuration consisted of: a 97 wcight-percent
tungsten (97 W) long-rod penetrator with an aspect ratio ot 10 (L/D = 10) and a laminate
armor package consisting of steel ESR 4340 (HRC = 52 to 55) front and back plates of
thicknesses 0.63 and 1.90 cm, respectively, sandwiching a ceramic tile 2.54 c¢m thick, as shown
in Figure 1. The 15.24- x 15.24- x 5.08-cm target was rigidly clamped togcther with moderaic
lateral constraint. The ceramic being evaluated was a 30 volume-percent silicon carbide (SiC)
whisker-reinforced aluminum oxide.*

The last of six targets, retained intact following the ballistic testing, was carcfully moved
SO as not to disturb the comminuted material. The ESR 4340 back plate was removed from
the target and the comminuted ceramic was meticulously excavated from the exit arca of the
penctrator.  As the ceramic was removed from this area, new ceramic continually tumbled
into the site. All metallic particles found during seriai sectioning of the target were retaincd
along with random samples of ceramic. Photographs were taken at constant mass intervals of
particulate removal to document the scrial sectioning of the target (sce the Appendix).

*SLAVIN, M. J., VIECHNICKI. D J., and TRACY, C, A. Processing Microstrucnure and Property Relaiionships of Armor Ceramics. To be
published in Proccedings of 1988 U.S. Army Science Conference, October 1988.
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Figure 1. Schematic showing the penetrator and
target configuration.

The tungsten and steel particles were separated using a small magnet. A range of parti-
cle sizes were chosen for detailed microscopy. Approximately one-half of each set of particles
was then ultrasonically cleaned to provide an unobstructed view of the particles with the bal-
ance retained to show the ceramic-penetrator interactions, as well as a more precise view of
the fractured ceramic that defeats the penetrator. Both sets of particuiates were then viewed
in a scanning electron microscope.® Electron dispersive spectroscopy (EDS) was employed to
determine the elements present in any sample.

RESULTS AND DISCUSSION

Photomicrographs of polished sections of the penetrator and armor ceramic arc shown in
Figure 2. The tungsten has a very uniform and homogeneous microstructure with an average
grain size of approximately 80 um. The alumina phase of the composite has an average grain
size of approximately 2 um with scattecred agglomerates of 10 to 15 um grains surrounded by
whiskers. The SiC whiskers, <1 um in diameter with aspect ratios up to 20, are well
dispersed in the matrix, except for the agglomerate sites, but have a preferred orientation in
the plane of the tile (perpendicular to the penetration direction).

The sixth target in the Vg evaluation was impacted at a velocity in cxcess of 1 kmisec at

0° obliquity and was a complete penetration. The residual stub of the peneirator was inadver-

tently not recovered. The material removed from the rcar of the target was collected. how-
ever little attention was given to the location of the metallic particles since shifting during
movement may have diminished the likelihood of obtaining useful data.

A significant amount of both the steel and penctrator particles were rccovered from the

targct, but not enough to account for the total mass removed during penctration. During the
initial impact into the target, various particles of steel indicated that the front plate melted,

*Jeol Modei JXA-840, Tokyo, Japan.
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Figure 2. Polished sections of (a) the 37% tungsten penetrator and
(b) the aluminum oxide with silicon carbide whiskers.

as shown in Figure 3. Highly deformed tungstcn grains arc also produced, however, it is very
likcly that thc penetrator is continually deformed plastically at the projectile-target interface
throughout the penetration, as shown in Figure 4.

As the tungsten projectile penectrates into the ceramic portion of the target, it encounters
material that has been subjected to shock waves of very high magnitude. Previous work indi-
cates that thc ceramic may begin to fracturc due to the compressive stress developed from
the initial impact and resultant shock wave.'l'13 Compressive fracture thcory" suggests that
microcracks will initiate and propagate from all flaws properly oriented to the compressive
ficld. This type of failure would produce a large quantity and size distribution of commi-
nuted ceramic in the region of maximum compressive stress, as shown in Figure 5.

The composite ceramic displayed a mixed fracture mode. The alumina matrix failed trans-
granularly and intergranularly. The SiC whiskers caused crack deflection at the matrix-whisker
interface, as shown in Figure 6. The composite ceramic was processed with less than 0.1
weight-percent magnesia as a grain-growth inhibitor and is othcrwisce free of impuritics and
grain boundary phascs. The elfect of microstructure versus the mode of fracture and toughen-
ing mcchanism has been previously addressed.®'?

As time clapscs, destructive tensile stresses gencrated by the release waves will cause
morc global failurc of the ceramic tile (sce the Appendix, Figure A-1, photograph nos. 13
and 14). These tensile failures will initiatc when relcase waves pass the existing aws in the
ccramic, i.c., agglomcrates of large alumina grains surrounded by SiC whiskers, and when the
tile cxpericnces bending stresses.  Tensile fracture of ccramics has been well addressed in the
literature and is based on the work by Grilfith.'

13. MESCALL, 1. F, and TRACY, C. A Improved Modeling of Fracture in Ceramic Annor. Proccedings of the 1986 US. .Anmv Science
Confcrence, June 1986. '

14. SINES, G., and ADAMS, M. A Satistical Micromechanical Theory of the Compressive Sirength of Brinle Materials. J. Am. Ceram, Sec,
v. 60, no. 3-4, 1978, p. 126-131.

15. GRIFFITII, A A. in Procecdings of the ist Inicrnational Congress {for Applied Mechanics. S. B. Biczeno and J. M. Rurgers, od |
Walatman Uitgevenj, Deift, The Netherlands, 1924, p. 55-63.
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Figure 3. Steel particies showing (a) resolidified surface and
(b) embadded plasticelly deformed tungsten.

The tungsten penctrator cncounters highly confined, comminuted ceramic as it eaters the
center of the target. The penetrator traveling into the much harder ceramic will be similar
to the abrasive process of a grinding wheel acting on a metallic workpiece since the ceramic
will exert a large force on the nose and the lateral surfaces of the projcctile.  This abrasive
process is divided into two basic mechanisms: cutting and ploughing of the workpicce.'®

16. ABCBE M., and APPL., . C. Theoretical Analysis of the Basic Mechanics of Abrasive Processes, Part I: General Model. Wear, v. 120,
no. 3, 1988, p. 251-266.




Cutting consists of material removal along with some plastic flow to the sides of the grit.
while ploughing results only in plastic deformation to the sides and bencath the grit. The
transition from cutting to ploughing is a function of the grit gecometry and the angle that it
impinges the picce. Both cutting and pioughing of the tungsten are clearly evident on many
of the particles examined, as shown in Figures 7 and 8.

Figure 5. Comminuted ceramic embeddad on the surface of a tungsten particle.
Note the size range of the alumina particles and SiC whiskers.



Figure 8. Larger particle showing the mixed fracture mode, transgranular and inter-
granular, of the composite ceramic. Note the crack deflection by the SiC whisker.

The size and geometry of the comminuted ceramic will stay relatively constant after it is fractured
by the various siiock waves. Only interactions with other ceramic particulates will cause further frac-
ture; therefore, only the angle of impingement will change during penetration as the comminuted
ceramic tumbles, or “fows,” around the projectile as it penetraies the target.

The confinement force and the size of the comminuted ceramic are very important in the abra-
sive process. As the size decreases, the ceramic’s ability to flow will increase. If the shape of the
comminuted ceramic is very regular, or residual porosity is present in the bulk ceramic that would col-
lapse after comminution, then flow will be enhanced. Lubrication of the particulates from possible
melting of grain boundary phases will increase the ceramic’s flow rate. Metallic and glass grain bound-
aries would be prone to this occurrence if the temperature is increased locally during penetration.  As
the flowability increases in the ceramic, the confining force in the target will be reduced and will
decrease the matenal removed from the penctrator by decrcasing the depth and the length of the
abrasive cuts.

The presence of a large scale failurc mechanism, aside from plastic deformation, that would con-
tribute to the defeat of the penctrator would be advantagcous. Removal of large pieces of tungsten
would quickly reduce the momentum and kinetic energy of the penctrator. Figures 9 and 10 show a
tungsten particle that, in addition to being abrasively eroded, has been subjected to large scale crack
propagation, or tearing, that has produced an intergranular surface. For the surface to be in such a
prstine condition, the comminuted ceramic would either be in a rclatively rigid or unconfined state
since there is more than sulficient clearance for the comminuted ceramic to enter and abrade the sur-
face. These conditions would be present early in the penetration of the ceramic, or later in the pro-
cess after the penctrator has passed and the ceramic is beginning to release and collapse.

Enhancement of tearing of the projectile may be possible by the incorporation of a well-dispersed,
bimodal grain-sizc distribution in the monolithic ceramic or the addition of a sccond, hard phasc in the
matrix. Both cases would benefit from a sharp grit geometry. The agglomerates ot large alumina
grains (only 10 to 1S um) arec probably too small to causc tearing.



Fiqure 7. Surface of a tungsten parucie that has been abraded by comminuted ceramic
wiich 18 stil presemt. Note the plastic deformation at the gran boundaries.

Figuie 8. Closeup of surface of a tungsten particle with comminuted ceramic of
similar size to the depth of the cut grooves




Figure 9. Tungsten particle with both abrasive grooves and exposed grains,
possibly produced by ductile tearing.

CONCLUSIONS

The steel front plate shows signs of melting indicating that there are high temperatures
generated at least during the initial stages of the penetration event. The initial impact also
produces a large amount of plastic deformation in the tungsten penetrator. Grains which
were nearly spherical are tabular after impact.

The composite ceramic failed in a mixed fracture mode in the path of the penetrator
(transgranular and intergranular). Much of the comminuted ceramic still embedded in the
penetrator fragments are smaller than the original grain size of the ceramic. The addition of
the SiC whiskers increased the fracture toughness over that of a monolithic alumina by crack
deflection at the whisker-matrix interface.

Microerosion due to abrasion by the comminuted ceramic seems to be the prime material
removal mechanism of the penetrator, however, ductile tearing has the potential for removing
larger pieces. Increascs in the abrasive process may be possible by producing the very irrcgu-
lar and sharp “grit” that can cut into the more ductile penetrator. This would be
accomplished by promoting transgranular fracture of the ceramic. An intergranular fracture
would produce a more rcgular-shaped particle which would plough (plastic deformation) but
not cut thc tungsten.

Increasing the larger scale ductile tearing of the penetrator would exposc new surtace
area that would be [urther subject to abrasion. This could be accomplished by incorporating
a bimodal grain-size distribution into the monolithic ceramic, or by adding a second phase
particulatc/grit of a harder material. The purposc of this addition would not nccessarily be to
increase the fracture toughness of the ceramic and dissipate more cnergy by the creation of
frec surfaces, but to directly decrease the momentum and kinctic energy of the penetrator.
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Figure 10. Higher magnitication of both surfaces shown in Figure 9. Note the difference
of scale between (a) the barely distinguishable groovns and (b) the tungsten grains with
no abrasion.

Since an abrasive material removal process seems to be dominant in the delcat of the
) penctrator, it is essential to keep a high confining force on the ceramic and penctrator and
rcduce the ceramic’s ability to tlow. If temperatures near the ceramic-projectile interface are
clevated throughout the penctration event, it would be prudent not to have cither a metallic
or glassy grain boundary phasc that could mclt and “lubricate™ the comminuted ceramic.
Grain boundary phases tend to shift the fracture mode of the ceramic to intergranular which

f
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produces a more rcgularly shaped particle. Both scenarios would increase the flowability of
the ceramic, decrease the confining force between the comminuted ceramic and projectiic, and
reduce the material removal rate due to abrasion.

Postballistic fractography, though not as useful as direct observation of the fracture during
the ballistic event, is relatively straightforward and simple to carry out. Other armor ceramics
' will be evaluated to determine the fracture and erosion characteristics, with respect to the
microstructure, of a ballistic event and may shed light on whether microstructure tailoring can
improve the abrasive behavior and ballistic performance.

-
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APPENDIX.

Shown in Figure A-1 are photographs taken during the serial section of the armor target.
These photographs are looking at the rear of the target after initial removal of the 3/4-inch
back plate to the final removal of all the loose fractured ceramic. Only 8 of 14 sections are
shown here due to space requirements. The section photograph number is in parentheses.
(Tile size is 6 x 6 inches.)
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Figure A-1. Section photograph (1) shows the ralatively large srea of finely comminuted
ceramic (approximatefy 4 inchas in diameter) presont at the rear of the tile. Since a fractured
and unconfined ceramic cannot supgort a tensile stress wave, the comminuted ceramic
fractured to such an extert due to compressive and/or shear siressas during penetration as
the ceramic “flows™ around the penetrator. Section photographs (3), (4), and (€) give an
indication of the volume and distribution of comminuted ceramic in a cone toward the poinm
of entrance of the pensetrator.
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(13) (14)

Figure A-1 (cont'd). Photos (10), (12), and (13} depict the transition from the heavily
fractuiad ceramic to larger fragments caused by radiai (bending) and conical (hertzian)
crecking. The large and irregular hole in the steel cover plate is due to the projectile
penetration and sjecta of comminuted ceramic during ballistic event. The exit hole in
the rear piate (not shown) had a splash of approximately 3/4 inch in diameter and a final
diameter of less than 1/2 inch. Section photo (14) shows the tile with ail loose fragments
removed. The radial fracture seems to be the primary crack system for the region near
the front, exterior of the tile. These fragmaents were very difficult to remove due to the
lateral confinement of the tile.
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